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ABSTRACT 
Posterior polar plasm of the Drosophila egg has been shown to function autono- 
mously in germ cell determination  after transplantation  to either the anterior or 
mid-ventral region of the early embryo. By means of similar transplantations,  we 
have  tested  the  ability  of polar  plasm  of Drosophila immigrans to  induce  the 
formation of pole cells in a Drosophila melanogaster embryo. After the transplan- 
tation  of polar plasm,  "hybrid"  pole  cells  were  found  in  which  both  pole  cell- 
specific organelles, the polar granules and nuclear body, were structurally similar 
to those characteristic of the transplanted cytoplasm. 
In order to determine whether these hybrid pole cells can function as germ cell 
precursors, these cells were transplanted to the posterior tip of genetically marked 
embryos. Approximately 5% of the flies obtained from embryos receiving poten- 
tial pole cells produce offspring derived from the  induced  pole cells. This result 
demonstrates that polar plasm can function in interspecific species combinations 
and  indicates  that  the  molecular  mechanisms  of  germ  cell  determination  are 
conservative in evolution.  Finally, in order to test whether there is any evidence 
for cytoplasmic inheritance  of polar granules, embryos derived from hybrid pole 
cells were examined for their polar granule morphology. The fine structure of the 
granules conformed to that of the nucleus.  Thus, no evidence was found for the 
cytoplasmic inheritance  of these particular organelles. 
A  distinctive  cytoplasmic region is located at the 
posterior tip of dipteran, coleopteran, and hymen- 
opteran eggs which  is responsible for the forma- 
tion of pole cells. These cells are the precursors of 
the primordial germ cells (reviewed in references 
3, 7). In recent studies, utilizing the technique of 
transplantation of polar plasm, it has been shown 
that  this  posterior  polar  plasm  can  function  to 
induce  pole  cell  formation at  the  anterior  (11), 
mid-ventral (12), and posterior (25, 31) regions of 
the  early  cleavage  stage  embryo of Drosophila 
melanogaster. We have also found that the polar 
plasm from unfertilized  eggs and oocytes at termi- 
nal stages of oogenesis was functional in germ cell 
determination  (13).  In  each  of our  studies  the 
induced  pole  cells  were  shown  to  produce  off- 
spring, thus demonstrating that germ cell determi- 
nants  are  localized  in  the  posterior  polar  cyto- 
plasm of Drosophila eggs. 
Characteristic  subcellular  organelles  or  polar 
granules,  which  are found  only in  the  posterior 
polar plasm and which segregate into the pole cells 
(18), served as morphological markers to follow 
the injected cytoplasm. The ultrastructural charac- 
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Drosophila  species (19).  For example,  there  are 
interspecific similarities as well as species-specific 
differences  in  the  structure  and  morphological 
changes characteristic of polar granules during the 
stages leading to pole cell formation (18,  19).  In 
every  species  examined,  the  polar  granule  is  a 
fibrous structure,  usually less than 0.5  p,m in di- 
ameter, not bounded by a  membrane, with many 
granules attached  end-to-end in the  mature  egg. 
After fertilization, the granules fragment and dis- 
perse in the posterior polar plasm. After pole cell 
formation,  the  granules  reaggregate  into  large 
granules.  Both  the  degree  of  disaggregation  at 
fertilization and the manner of reaggregation have 
many  species-specific  characteristics.  For  exam- 
ple, in Drosophila  immigrans,  the granules reag- 
gregate into one large plaque per cell, 2-3 ~m in 
diameter,  and  the  substructure  of  the  granule 
changes from an interwoven meshwork of fibers to 
a  semicrystalline array of short,  0.5  /~m rods.  In 
D.  melanogaster,  however,  a  number  of  large, 
0.75  p,m to  1.0/~m in size, spherical polar gran- 
ules form in each pole cell without any appreciable 
change in substructure. 
Because  of  these  clearly  recognizable  differ- 
ences  between  species,  a  number of  interesting 
questions can be asked  by means of interspecific 
transplantation of polar plasm. We can determine 
whether  the  cytoplasmic germ  cell  determinants 
can function in a "hybrid" situation, i.e., in a pole 
cell whose nucleus is of one species and the polar 
granules and  polar  plasm  from  a  different  one. 
Furthermore,  we  can  determine  whether  a  spe- 
cies-specific  series  of  polar  granule  changes  will 
occur  autonomously after  transplantation to  an- 
other species; and finally, by obtaining eggs pro- 
duced  by  a  hybrid  pole  cell,  we  can  determine 
whether or not the polar granules are inherited as 
an autonomous cytoplasmic organelle. 
MATERIALS  AND  METHODS 
The procedures utilized in this study have been described 
previously  (11-13).  Only changes or  additional tech- 
niques will be described  here. 
Drosophila  Strains 
For ultrastructural studies of polar granules and pole 
cells of normal embryos, the multiple  wing hair,  ebony 
(mwh e 4) mutant stock  of D.  melanogaster  (no differ- 
ences from  the Oregon R  wild-type  strain used  previ- 
ously [18, 19] have been detected) and a wild-type strain 
of D. immigrans  collected  locally by Dr. R. Richmond 
(Indiana University) were  used.  Cleavage  embryos as 
recipients for  polar  plasm  transplants were  obtained 
from the same mwh e 4 stock. Blastoderm embryos which 
served as hosts for cell implantations  were collected from 
yellow,  singed, maroon-like  (y sn a real) stock ofD. mela- 
nogaster.  (For detailed description  of the mutants, see 
reference 17.) 
Ultraviolet  Irradiation 
The procedure for irradiation was similar to that de- 
scribed previously. Approximately 30 min after fertiliza- 
tion, embryos obtained from  a y  sn 3 real  stock  were 
irradiated with 7,200 ergs/mm  2 at a dose rate of 2.0 ￿ 
103 ergs/cm2/s (Ultra-Violet Products Inc., San Gabriel, 
Calif.).  Before  each  irradiation the  dosage  was  con- 
trolled with a dosimeter (Model 225, Ultra-Violet Prod- 
ucts). After UV treatment, the eggs were transferred to 
paraffin  oil and kept in the dark up to the blastoderm 
stage.  Only those embryos that showed  normal blasto- 
derm formation were  selected  as suitable recipients for 
cell implantation. This UV dose was sufficient to prevent 
the formation of pole cells (Fig.  1 a, b). Approximately 
40% of the irradiated embryos developed to adult flies of 
which 95% were sterile. 
Histology 
Some  of the  rnwh  e 4 embryos injected  with  polar 
plasm  from  D.  immigrans  embryos were  prepared for 
electron  microscopy  either  at  the  end  of blastoderm 
formation or during gastrulation as previously described 
(11-13). Embryos derived from hybrid pole cells were 
fixed  in a  trialdehyde fixative  (16),  postfixed  with os- 
mium tetroxide  and urany]  acetate,  and embedded in 
DER 732-332 plastic. Several of the y sn 3  real larvae and 
flies developing from embryos with injected hybrid pole 
cells were analyzed histochemically for aldehyde oxidase 
activity (6,  14).  Cells containing this enzyme (mwh e 4) 
become stained blue due to the reduction of nitro blue 
tetrazollum in the presence  of benzaidehyde as a  sub- 
strate whereas the cells lacking the enzyme (y sn a real) 
remain unstained. 
RESULTS 
A  brief description of the early events in pole cell 
formation  in  Drosophila  embryos  will  assist  in 
understanding these  experiments.  After fertiliza- 
tion, a  series of 13 synchronous nuclear divisions 
(30,  33)  occur  approximately  every  10  min  at 
25~  without intervening cytokinesis. At the time 
of the  eighth  division, the  first  nuclei reach  the 
posterior  polar  plasm  and,  immediately,  10  or 
more pole cells containing the polar granules bud 
off from the remainder of the embryo. These cells 
continue to  divide until there  are  approximately 
40  pole cells.  During gastrulation, the  pole cells 
MAHOWALD ET AL.  lnterspecific  Transplantation  of Polar Plasm  359 FIGURE  1  Scanning  electron  micrographs  of  the  posterior tip  of D.  melanogaster embryos at  the 
beginning of gastrulation.  (a) Embryo showing approximately 45 pole cells (PC) in the posterior midgut 
invagination.  (b) Embryo, which had been treated with 7,200  ergs/cm  z of the UV radiation during the 
cleavage stage, showing no pole cells in the invagination (arrow). x  725, 
are included within the posterior midgut invagina- 
tion. Subsequently, they migrate through the mid- 
gut layer of cells and reach the embryonic gonad 
where  they establish the  germ line.  (For further 
details, consult reference 29.) 
Ultrastructure of Normal Pole Cells 
The  ultrastructure  of polar granules  and  pole 
cells during embryonic development has been de- 
scribed previously (18-20).  In order to  assist in 
understanding  the  unusual  interactions  between 
nucleus  and  cytoplasm in  the  hybrid  cells, it  is 
necessary  to  describe briefly the  species-specific 
features of pole cells at the blastoderm stage. The 
pole cells at this stage have completed their initial 
series of cell divisions. In D. melanogaster, many 
small (0.25  /xm) polar granules aggregate into  a 
number of clusters of spherical granules (Fig. 2). 
The  electron-dense fibrous component forms the 
outer rim around a central region which is similar 
in  structure  to  the  adjoining cytoplasm (Fig. 3). 
Frequently, small chains of granules appear (Fig. 
3), but a number of discrete polar granules, 0.5 to 
0.75  /zm  in  diameter,  remain  in  each  cell. The 
polar granules retain these ultrastructural features 
until  the  time  that  pole  cells  migrate  from  the 
posterior midgut when most of the polar granules 
become  associated with  the  outer  nuclear  enve- 
lope as fibrous bodies or "nuage"-like material (5, 
20). 
At  the  blastoderm  stage,  another  organelle 
unique to the pole cells appears in their nuclei. It is 
a spherical structure with an electron-lucid central 
core (Fig. 2).  Fine nuclear fibers appear to con- 
nect to the periphery of this nuclear body. These 
structures  are  distinct from  the  nucleolus which 
forms in  association with the  chromocenter con- 
taining  the  nucleolar-organizer regions  (2).  Al- 
though we have not obtained complete serial sec- 
tions of pole cell nuclei, we estimate that there are 
about four nuclear bodies per nucleus.  We have 
not been able to discern any regular substructure 
to  the  body  with  high  resolution  microscopy. 
These nuclear bodies have been found in pole cells 
during gastrulation without  any  changes in  their 
morphology. However, they are no longer evident 
at the time the pole cells migrate from the gut to 
the embryonic gonad. 
The  polar granules in D.  immigrans  pole cells 
are larger and more abundant. Before the aggre- 
gation of polar granules at the blastoderm stage, 
their  substructure  is  similar  to  that  seen  in  D. 
melanogaster (19). After the last pole cell division, 
clear differences appear. First, the substructure of 
the granule rapidly changes (Fig. 4), Instead of an 
interwoven meshwork, a  dense rod-like structure 
appears which  is  25  nm  in  thickness and  rarely 
360  THE  JOURNAL OF  CELL BIOLOGY' VOLUME 70,  1976 FlcurtE 2  Survey of a pole cell in D. melanogaster to show the structure  of polar granules (P) during 
gastrulation.  Occasionally the polar granules reaggregate into large granules but they are always dispersed 
in the cytoplasm. The nucleus contains two nuclear bodies Tnb). x  11,000. Insert: nuclear body. ￿  37,000. 
FIGURE 3  Higher magnification of polar granules in D. melanogaster during gastrulation.  The substruc- 
ture  of the  granules  remains  an  interwoven  mat  of fibrils.  Small  electron-dense  particles  (arrows), 
approximately 50 nm in diameter, are found adjacent to the granules during gastrulation. Possibly they are 
early stages in the fragmentation of the granules, which result in the granules becoming associated with the 
nuclear envelope (20).  x  37,000. 
more than  0.5  /zm long (Fig. 4).  These rods are 
evenly spaced, so that in cross section the rod-to- 
rod distance is consistently 40 nm. A  second dif- 
ference from D. rnelanogaster is that nearly all of 
the  polar granules  reaggregate  around  the  cen- 
trioles (Fig.  4).  Third,  during gastrulation,  they 
form  one  large  plaque  of polar granules  closely 
associated  with  the  nuclear  envelope  (Fig.  5). 
Within this large granule, there are many central 
regions  which  resemble  the  centers  of granules 
before fusion (Fig. 4).  Hence the fusion process, 
even  though  it  results  in  the  fusion  of  all  the 
granules within each cell, leaves the outlines of the 
original granules detectable. 
A  fourth  major  difference  concerns  the  pole 
cell-specific nuclear body. Four or more spherical 
structures appear in the pole cell nucleus after the 
last division. Initially, they are smaller and much 
denser than in D. melanogaster (cf. Figs. 8 and 9). 
They  quickly  become  large,  possibly  by  fusion 
(Fig.  6a,  b;  Fig.  7),  and  develop  an  irregular 
peripheral and central region (Fig. 6b, c ). At late 
blastoderm  and  early  gastrulation,  the  nuclear 
body breaks up into small electron-dense masses 
(Fig. 6d). Occasionally, nuclear bodies are found 
during early blastoderm stages (Fig. 7) which re- 
semble those found in D. melanogaster.  This type 
of nuclear body has never been found in pole cells 
of  late  blastoderm  or  gastrulation  stages  of D. 
immigrans.  Furthermore,  even  in  those  bodies 
found at the early blastoderm stage, there is some 
indication of the  type of discontinuities in  struc- 
ture characteristic of D. immigrans  (Fig. 7 insert). 
Nuclear bodies of the D. immigrans  type (Fig. 6) 
have  never  been  found  in  D.  melanogaster  em- 
bryos. 
Ultrastructure of Hybrid Cells 
Polar plasm from early cleavage embryos of D. 
immigrans  was transplanted to the anterior tip of 
MAHOWALD ET  AL.  Interspecific  Transplantation of Polar Plasm  361 FiGuvm 4  Polar granules (P) of D. immigrans embryos following  the last cell division at the blastoderm 
stage. The substructure of the granule becomes changed to a rodlike component (arrows). The granules are 
associated with the centrioles (C) of the cell and have begun to reaggregate into large granules which 
subsequently will fuse together.  ￿  25,000. 
F1GURE 5  Cross  section through the reaggregated polar granules of D. immigrans embryo at an early 
gastrula stage. The large granule is closely associated with the nucleus (N). Individual granules are still 
evident within the aggregate because of the retention of the electron-lucid central areas (arrow). The 
substructure of the granule is composed of rods as in Fig. 4. The centrioles are no longer associated with 
the polar granules at this stage, x  16,000. 
mwh e 4 embryos of D. melanogaster  of the same 
age. When these embryos reached the blastoderm 
or early gastrula stage, six embryos were selected 
for serial thick and thin sections. The observations 
are summarized in Table I and illustrated in Figs. 
8-10. In every embryo, we found hybrid pole cells 
(i.e., pole cells with a D. melanogaster  nucleus and 
polar granules and possibly other cytoplasmic con- 
stituents from D. irnmigrans ) which were identifi- 
able by the presence of polar granules and nuclear 
bodies.  The  number of  pole  cells  found varied 
from  two  to  at  least  15,  and  they were  located 
either between the blastoderm layer and the vitel- 
line membrane (Fig. 9) or deeper in the  blasto- 
derm layer (Fig. 8). 
A  number of unusual features were  found in 
these induced hybrid pole cells. Although the po- 
lar granules of normal D.  immigrans  embryos at 
the  end  of  blastoderm formation have  reaggre- 
gated into a large plaque (Figs. 4, 5, and 11) and 
show  the  "crystalline"  substructure,  the  polar 
granules of the  six  embryos examined, three  of 
which had begun gastrulation, retained the inter- 
woven  fibrous structure  characteristic  of  earlier 
stages.  Furthermore,  they  had  aggregated  into 
large  polar  granular masses  (Figs.  8-10)  which 
were  dispersed throughout the  cell  in a  manner 
resembling D.  melanogaster.  Third,  the  nuclear 
bodies were either small and very dense (Figs. 8 
and 9), frequently with two fused together as in D. 
irnmigrans,  or they resembled the form found in 
D.  melanogaster  and  also  the  early  blastoderm 
stage of D. immigrans (compare Fig. 10 with Fig. 
7). This latter type of nuclear body was found in 
three embryos (embryos 2, 3 and 5 in Table I); the 
remaining embryos showed dense bodies resem- 
362  THE  JOURNAL OF  CELL BIOLOGY' VOLUME 70,  1976 FIGURE 6  Distinctive nuclear bodies in D. irnmigrans embryos at the blastoderm (a, b, c) and gastrula 
stage (d). (a)  x  35,000; (b, c)  ￿  30,000; (d)  x  60,000. 
FIGURE 7  Pole cells of D. immigrans  during an early stage of pole cell formation to show that at this time 
some nuclear bodies (nb) have a structure similar to that found in D. melanogaster.  However, even in these 
nuclear bodies, there  is some indication of the  discontinuities characteristic  of D.  imrnigrans  (insert: 
arrow).  ￿  8,000. Insert:  ￿  75,000. 
bling those found at early blastoderm stages of D. 
immigrans.  A  fourth difference was the observa- 
tion that pole cells were still dividing at the end of 
blastoderm  formation  (Table  I).  We  have  never 
found a pole cell dividing at this time at the poste- 
rior  tip  of  the  D.  melanogaster  embryo,  and  in 
only one instance has  an induced pole  cell been 
found in division [in an embryo that received polar 
plasm from a stage  14 oocyte (Illmensee and Ma- 
howald,  unpublished observation)].  In D.  immi- 
grans  embryos, however,  pole  cells at  the  poste- 
rior  tip  occasionally divide during the  period  of 
blastoderm formation. 
The failure of the  polar granules derived from 
D.  immigrans  to  undergo  the  species-specific 
structural changes when they were transplanted to 
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Summary of Ultrastructural Studies of the Anterior Tip of D. melanogaster Embryos Which Had Received 
Transplants of Posterior Polar Plasm from D. immigrans 
Embryo  Age at  No. of hybrid pole 
no.  fixation  cells  Characteristics of polar granules  Nuclear bodies  Nuage 
rain 
1  150  At least 10; one di-  Large,  individual  granules,  dis-  Solid,  fused,  similar  to  D.  imrrd-  Absent 
viding  persed in cell; fibrous  gram 
2  170  Six-seven  Large,  individual  granules,  dis-  Solid,  fused,  similar  to  D.  immi-  Absent 
persed in cell; fibrous  gram;  one similar to D. melano- 
gaster 
3  170  8-10; one dividing  Large,  individual  granules,  dis-  Solid as in D. immigrans; one simi-  Absent 
persed in cell; fibrous  lar to D. melanogaster 
4  190  Six--seven;one  d  i-  Large,  individual  granules,  dis-  Solld and very dense as in D. imm/-  Absent 
viding  persed in cell; fibrous  gram 
5  190  15  Large,  individual  granules,  dis-  Many hollow nuclear bodies similar  Absent 
persed in cell; fibrous  to D.  melanogaster; some fused. 
6  190  Two  Large,  individual  granules,  dis-  Only  one  found:  solid  and  very  Absent 
persed in cell; fibrous  dense as in D. /ram/gram 
7  210  Three  Many per cell; adjacent to nucleus;  All llke D. immigram  Only a few present 
crystalline 
8  240  10  Many per cell; adjacent to nucleus;  All like D. immigram  Many present 
crystalline 
9  240  11; one dividing  One or small number per cell; crys-  All except two are dearly D./ram/-  Many  present 
talline  grans; two similar to D. melano- 
gaster 
10  240  Six  Small number per cell; adjacent  to  All like D. /mrn/grans  Very abundant 
nucleus; crystalline 
D. melanogaster  embryos was unexpected. A  pos- 
sible cause for our failure to detect these changes 
might be  a  difference in developmental time be- 
tween the embryos of these two species. Embryos 
of D.  immigrans  at  25~  require  almost  4  h  to 
reach gastrulation compared to 3.5 h for D. mela- 
nogaster.  The structural change in polar granules 
of D. immigrans occurs during blastoderm forma- 
tion (3-3.75 h), and gastrulation in D. irnrnigrans 
occurs at 4  h. Consequently, four additional em- 
bryos, which had received anterior transplants of 
D. immigrans polar plasm, were examined 30-60 
min  after gastrulation had  begun  (Table  I,  em- 
bryos 7-10).  Between  3  and  11  pole cells were 
found,  and  in  each  embryo  the  polar  granules 
were  clearly "crystalline" (Figs.  11  and  13).  In 
three of the embryos there were many polar gran- 
ules in each cell, which indicates that the granules 
had  not reaggregated in  a  manner  typical of D. 
imrnigrans,  thus  conforming  to  the  observations 
made of embryos 1 to 6.  However, in embryo 9 
the  granules  in  some  cells had  reaggregated to 
form one large granule (Fig. 13) while in the other 
hybrid pole cells of this embryo there were one or 
two large granules and a few smaller ones. 
The pole ceil-specific nuclear bodies from these 
older embryos were clearly of the D. immigrans 
type (Fig. 12). There is also some indication that 
these  structures follow a  timetable for structural 
changes which corresponds to that of the cytoplas- 
mic polar granules. The nuclear bodies found dur- 
ing gastrulation (embryos 7-10, Table I) are simi- 
lar to  those  found in  normal D.  immigrans  em- 
bryos during blastoderm formation (compare Fig. 
12  to  Fig.  10a-c).  Nuclear  bodies of the  type 
characteristic of gastrulation (Fig. 6d)  were  not 
found in any of the hybrid cells, possibly because 
hybrid cells were  not  examined  at  a  sufficiently 
late developmental stage. 
The  final  difference  we  discovered in  the  in- 
duced  hybrid  pole  cells  was  in  the  premature 
transformation of the  polar granules to  form  fi- 
brous bodies or "nuage" (7, 20). Normally, polar 
granules undergo this transition after the pole cells 
have been enclosed in the posterior midgut rudi- 
ment  in  both  species. However,  in  the  embryos 
examined during late gastrulation stages (embryos 
7-10, Table I), fibrous bodies were present along 
the nuclear envelope. We also were able to find 
transition stages between the structure of the polar 
granule and these fibrous bodies (Fig. 11), which 
indicates that these structures probably originate 
from polar granules. This confirms earlier obser- 
vations made on normal D. immigrans pole cells 
(20). 
Test for the Function of Hybrid 
Pole Cells 
Previously, we  have  found  that  pole  cells in- 
duced  at the  anterior and the  ventral surface of 
364  THE  JOURNAL  OF  CELL  BIOLOGY" VOLUME  70,  1976 FIGURE  8  Survey electron micrograph of embryo 3 showing some of the morphology of the induced pole 
cells at the injection site (arrow). Cleavage furrows GO have invaginated from the surface and are near the 
base of the blastoderm nuclei (N). A region of membrane whorls and extracellular cytoplasmic debris (D) 
mark the region where the injection was made. Approximately 10 pole cells (PC) could be identified as a 
cluster of cells below the blastoderm nuclei. Polar granules (P) are large and compact and are composed of 
a dense interwoven mat of fibers. One pole cell is in division (arrow). Small dense nuclear bodies (nb) can 
be seen in two pole cells,  x  3,500. 
FIGURE  9  LOW magnification of embryo 6 in which one of the two pole cells (PC) is found between the 
vitelline membrane (v) and the blastoderm cells (BC). The polar granules (P) are large and scattered in the 
cytoplasm. A small dense nuclear body (nb) is present at this stage in pole cells,  x  16,000. FIGURE 10  Electron micrograph from embryo 5 in which many of the pole cells (PC) contained nuclear 
bodies (nb)  (insert shows this nuclear body at  higher magnification) resembling those found in D. 
melanogaster as well as in the early blastoderm stage of D. immigrans (cf. Fig. 7). The polar granules (P) 
are large and usually round. Vitelline membrane (v) and cytoplasmic  debris (D) from the injection are also 
visible, x  11,000. Insert, x  37,000. 
Drosophila embryos were able to function as germ 
cells  if they  were  transplanted to  the  pole  cell 
region of a blastoderm embryo (11-13). The use 
of this test for the function of induced pole cells is 
especially essential in the case of hybrid cells be- 
cause of the  many unusual interactions between 
the D. immigrans polar plasm and the D. melano- 
gaster  nuclei and cytoplasm. Thus, before we can 
conclude that  polar plasm can function as germ 
cell determinants in interspecific combination, it is 
necessary  to  show  that  these  cells  can  produce 
gametes.  In conjunction with this test,  a  further 
observation is  possible.  With  the  availability of 
nuclear-cytoplasmic hybrid germ  cells  (provided 
these cells function as germ ceils), we can test for 
cytoplasmic inheritance of polar granules by ana- 
lyzing ultrastructurally the eggs and embryos origi- 
nating from these cells for the morphology of their 
polar granules. Since this analysis requires elec- 
tron microscopy, it is essential to obtain flies which 
produce eggs derived only from a hybrid pole cell. 
Hence, we  used an UV dose of 7,200 ergs/mm  2 
which produced 95%  sterility. Pole cells did not 
form in most embryos after this irradiation (Fig. 
1). The survival to adulthood was approximately 
40%. This is probably the  upper limit of usable 
UV dosages since a dose that produced 98% ste- 
rility gave only 14% survival (25). 
Since UV irradiation of the posterior tip of early 
cleavage  stages  clearly  affects  other  develop- 
mental processes besides germ cell formation, it is 
important to show that the posterior tip of irradi- 
ated  embryos  is  suitable for  the  integration of 
transplanted pole cells. Thus, pole cells from mwh 
e 4 embryos at  the  blastoderm stage  were  trans- 
planted to irradiated y  sn 3 real  hosts at the same 
stage.  The  composition of  the  progeny  derived 
from these  10  flies  indicated that three  types of 
germ  lines were  present: two  flies produced ga- 
metes only from the host (y sn 3 rnal);  seven pro- 
duced  gametes from  the  transplanted cells  only 
(mwh e4);  and one produced gametes from both 
366  THE  JOURNAL OF  CELL BIOLOGY" VOLUME 70,  1976 FIGURE  11  Polar  granule  (P)  in  an  induced pole cell  from  embryo  8  at  the  mid-gastrula stage.  The 
fibrous body or nuage (arrow) is adjacent to the pole cell nucleus (N) and retains some of the substructure 
of the polar granule,  x  38,000. 
FIGURE  12  Nuclear bodies in pole cells induced with D. immigrans  polar plasm. All of the nuclear bodies 
clearly resemble those found in pole cells olD. immigrans (cf. Fig. 6). (a) x  55,000; (b, c)  x  50,000; (d) ￿ 
35,000. 
FIGURE  13  Large  polar  granule  from  embryo  9.  In  this  cell  nearly  all  of the  polar  granules  were 
aggregated into this large structure. In the other hybrid pole cells of this embryo, similar large granules 
were found.  ￿  38,000. host  and  transplanted  cells.  Thus,  these  control 
transplantations show that it is possible to recon- 
stitute the germ line of UV-sterilized embryos by 
implanted pole  cells. Consequently, this method 
should be  suitable for testing the  function of in- 
duced hybrid pole cells and for assaying cytoplas- 
mic vs.  nuclear inheritance of  polar granules as 
well. 
The  results  of  transfers  of  anterior  cells  are 
summarized in Table II. From the  388 y  sn 3 mal 
embryos which received anterior cells, 152 mature 
flies developed,  of which  16  were  fertile  in test 
matings with mwh  e 4 partners.  10 flies produced 
offspring  which  were  wild  in  phenotype,  which 
indicates that their germ lines were populated with 
host germ cells. The wild phenotype results from 
the heterozygous situation of the  recessive genes 
located on both the X  (y sn 3 real) and third (mwh 
e 4) chromosomes. The  progeny of six flies, how- 
ever, showed homozygous mwh  e 4 offspring (Ta- 
ble  III).  One  of  these  flies,  a  male,  produced 
progeny  that  were  both  wild  in phenotype  (de- 
rived  from  gametes  produced  by  surviving host 
germ  cells)  and  homozygous  for  mwh  e 4.  The 
remaining five  flies  produced  only mwh  e 4 off- 
spring, indicating that  their germ lines had been 
exclusively repopulated from the transplanted an- 
terior cells. 
In addition to progeny tests for transferred cells, 
histochemical analyses were made on all flies with 
offspring from hybrid pole cells as well as on eight 
of the  10 flies with progeny from their own germ 
line only and on 89 of the  136 sterile flies. Cells 
with  the  mwh  e 4 genotype  contain the  aldehyde 
oxidase  activity (6,  14).  Two of the  three  males 
(Table III) showed weak staining for this enzyme 
in one of the testes.  Since reactions with control 
mwh  e 4  males  are  also  weak,  this  result  is  not 
unexpected. All three females (Table III) showed 
clear staining in only one ovary whereas the other 
ovary  had  neither  staining nor  germ  cells  (Fig. 
16a).  The  enzyme tests  of both  the  sterile flies 
and the flies with progeny derived from host germ 
cells only, showed no staining except for one ster- 
ile  female  which  had  two  stained  ovarioles and 
three unstained ones in one ovary and no ovarioles 
in the other.  Although this fly was mated to sev- 
eral males over a 2-wk period, no offspring were 
obtained. 
Three  flies  (the  germ  line mosaic  male  no.  2 
[Table III], one of the sterile flies, and one of the 
fertile  flies  with  host  germ  cells only) showed  a 
cluster of stained cells in the  midgut (Fig.  16b), 
and one sterile fly had stained cells in the midgut. 
Since more  than one cell was  implanted in each 
instance,  we  do  not  know  whether  these  cells 
originated from anterior blastoderm cells or from 
hybrid pole cells. This latter possibility has been 
found previously with  an implanted normal pole 
cell (13). 
Since induced pole  cells cannot be  unambigu- 
ously distinguished at  the  time  of transfer  from 
other  anterior cells,  it  is  necessary  to  show  that 
anterior cells are  not able to participate  in germ 
TABLE  II 
Transplantation of Posterior Polar Plasm from Cleavage Embryos olD. immigrans to the Anterior Region of  mwh 
e 4 Cleavage  Embryos of D. melanogaster and Transfer of Cells Formed at the Injection Site to the Posterior 
Region of y sn 3 real Blastoderm Embryos* of D. melanogaster 
Flies developed 
y  sn a real  em- 
mwh  e 4 embryos  bryos* into which 
Injection of ix>-  from which ceils  cells were ina-  Host ori- 
lar cytoplasm  were taken  planted  Total  Fertile  gin only 
279  71  338  152  16  10 
Control  trans- 
fers 
1:[:  85  150  56  10  2 




Mosaic  only 




1  7  14.3 
* The posterior pole of these  host embryos had been treated with UV radiation during early cleavage in order to 
prevent pole cell formation. 
:~ Pole cells from the posterior region of normal blastoderm embryos. 
w Anterior blastoderm cells from noninjected embryos. 
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Progeny of y sn 3 mal Flies* Mated to mwh e 4 Partners 
Wild type  mwh  e 4 
Sex of mosaic  fly  9  d  9  d 
6  -  -  239  238 
130  82  36  89 
?  -  -  73  91 
-  -  184  156 
9~  -  -  52  11 
-  -  177  203 
* From Table II. 
:~ After giving rise  to a small number of progeny, this 
female  was  sacrificed  for  histochemical  analysis  (Fig. 
24 a). 
cell formation after being transferred to the poste- 
rior tip, even after extensive UV irradiation of the 
host.  Consequently,  anterior  cells  were  trans- 
ferred  to  the  posterior  tip of  103  UV-irradiated 
embryos (Table II, control 2).  No gametes  were 
formed from the transplanted ceils. However, so- 
matic  anterior  cuticular  structures  differentiated 
autonomously  in  the  abdomen  of  four  of  the 
adults,  producing  one  head,  one  antennal,  and 
two mouth structures. These results are compara- 
ble  to  those  obtained  earlier  in  similar anterior 
blastoderm cell transfers (11,  13).  Thus,  we  can 
conclude  that  the  germ  cells  of  the  six  flies  in 
Table lII were derived from the hybrid pole cells. 
This  result  clearly  demonstrates  that  the  polar 
plasm of D. immigrans is able to induce the forma- 
tion  of functional germ  cells in D.  melanogaster 
embryos. 
Ultrastructure of Pole  Cells of 
F1 Generation 
A  possible continuity of germ plasm granules in 
the germ cells has been raised on purely morpho- 
logical  grounds  in  dipterans  (20,  22,  23),  and, 
recently,  in  amphibians (10,  15,  24).  A  critical 
feature  of  the  evidence  is  the  observation  that 
polar  granules  can  be  shown  to  become  trans- 
formed into perinuclear fibrous bodies or "nuage" 
(10,  20)  (Fig.  11).  Nuage  can  be  found  in  the 
germ line of both dipterans, amphibians, and pos- 
sibly  mammals  (7)  throughout  most  of  the  life 
cycle of the organism. Consequently, these studies 
suggest that polar granules or their derivatives are 
always present in the germ line of these organisms. 
Because of this continuity, cytoplasmic inheritance 
appears  reasonable.  The  availability of a  hybrid 
pole  cell  containing the  nuclear genome  of  one 
species and the cytoplasmic granules of a different 
species provides the unique opportunity to test this 
possibility. The polar granules present in the eggs 
derived from hybrid pole cells should be of either 
the  D.  immigrans  or  D.  melanogaster  type.  In 
order to ascertain that an egg originated from the 
hybrid cell lineage, we  first  determined by prog- 
eny tests  that  all  eggs  produced  by the  fly  were 
derived from hybrid cells. Then, we obtained em- 
bryos that were prepared for electron microscopy. 
Finally, histochemical tests were performed on the 
ovaries  in order  to  determine  whether  any  host 
oocytes were present. 
Fortunately, three of the flies whose germ lines 
were  repopulated  by  descendants  of  the  hybrid 
pole cells were females. This has made possible an 
ultrastructural analysis of the  F,  generation since 
all of the eggs produced by these flies are derived 
from the hybrid pole cells. Six embryos were ana- 
lyzed at the late blastoderm or mid-gastrula stage, 
and in every instance the morphology of the polar 
granules  and  nuclear  bodies  was  unmistakeably 
typical  of  D.  melanogaster.  The  polar  granules 
(Fig.  14)  reaggregated  into  a  number  of  polar 
granules scattered around the cell with the charac- 
teristic  hollow spherical  structure.  Two  embryos 
were examined at mid-gastrula (the  stage compa- 
rable to the  time the  transplanted polar granules 
of D. immigrans  acquired their "crystalline" sub- 
structure) and both the  granules and the  nuclear 
bodies possessed the structure characteristic of D. 
melanogaster (Figs.  14 and  15). 
DISCUSSION 
In this study, we have been able to show conclu- 
sively that the posterior polar plasm of D.  immi- 
grans  embryos is able to  function as a  germ  cell 
determinant  in D.  melanogaster  embryos.  After 
transplantation of polar plasm to the  anterior tip 
of D. melanogaster embryos, we found cells in all 
l0 embryos examined that were  pole cells by ul- 
trastructural  characteristics i.e.,  both  polar gran- 
ules and the  specific nuclear body  were  present. 
We further showed that induced hybrid pole cells 
were capable of functioning as germ cells and gave 
rise to offspring. Whatever the nature of germ cell 
determinants is, these experiments on interspecific 
transplantation indicate that these components are 
conservative  in  evolution since  D.  melanogaster 
and D.  immigrans  are  from  different portions of 
the genus (26).  A  similar conclusion is suggested 
by preliminary results of Okada et al. (5) in which 
MAHOWALD ET AL.  Interspecific Transplantation of Polar Plasm  369 FIGURE 14  Nuclear bodies (NB) and polar granule 
12,000. 
FIGURE 15  Higher magnification of a polar granule 
the  percentage  of flies  containing gametes  after 
the  UV-irradiation of D.  melanogaster  embryos 
was  increased  by  the  transplantation  of  polar 
plasm from D. immigrans  or D. hydei. 
Except for chloroplasts (9), mitochondria (27), 
some cytoplasmic symbiotic microorganism (32), 
viruses (1), and cortical inheritance in ciliates (4), 
there has been little conclusive evidence that any 
other  cytoplasmic organelle  displays  inheritance 
independently  of the nucleus. Centrioles and basal 
bodies may be candidates, but there is no conclu- 
sive  evidence yet that they have independent in- 
heritance (8). Since they may possess some nucleic 
acid (R. Dippell of this institution, personal com- 
munication), this possibility has not yet been ex- 
cluded. Polar or germ plasm granules are another 
candidate because  they  are  present  in the  germ 
line throughout the life of the organism (20, 23), 
and at least at one stage they contain RNA (21). 
A  critical  test of cytoplasmic inheritance requires 
distinctive features  that  can  be  followed  during 
progeny analyses and the opportunity to observe 
(P) of F1 embryo derived from hybrid pole cell. x 
of an Fl embryo. ￿  60,000. 
whether or not the cytoplasmic organelle retains 
its features independently of the nuclear genome. 
The availability of easily distinguishable morpho- 
logical  features  of  both  polar  granules and  the 
pole-cell specific nuclear body and the creation of 
the hybrid pole cell containing polar granules only 
of D.  immigrans  with a D.  melanogaster nucleus 
are the necessary prerequisites for such an analy- 
sis.  Inasmuch  as  the  progeny  analysis  requires 
electron microscope observations, it was  also es- 
sential to  obtain female  flies,  all  of  whose  ga- 
metes were derived from such a hybrid cell. Fortu- 
nately, three  of  the  flies  that  contained gonads 
populated solely by cells derived from a  hybrid 
pole cell were females. Our analysis showed that 
the  polar granules of the  embryos derived from 
these three flies were of the D. melanogaster type. 
Consequently, we can conclude that the structural 
features of polar granules are dependent upon the 
nuclear genome. 
In addition to these primary observations, these 
experiments provide the opportunity to discover a 
370  THE  JOURNAL OF CELL BIOLOGY ￿9 VOLUME 70,  1976 FIGURE 16  Histochemical detection of implanted mwh e 4 cells after integration into the germ line (a) or 
soma (b)  of y sn  3 real hosts.  In both instances,  three cells from the anterior region of two different D. 
melanogaster  blastoderm  embryos,  into  which  D.  immigrans  polar  plasm  had  been  injected  during 
cleavage, were transplanted to the posterior pole of D. melanogaster blastoderm embryos which had been 
UV-irradiated during cleavage. (a). Reproductive tract of adult female no. 3 (from Table III). This female 
was  derived  from  a  UV-sterilized embryo  whose  germ  line  had  been  reconstituted  with  pole  cell(s) 
experimentally induced with D. immigrans polar plasm. One of the two ovaries contains eight ovarioles 
with stained oocytes (o) and nurse cells (nc), all of which originated from the "hybrid" pole cell(s).  The 
unstained follicle cells (fr) are of host origin. The other ovary (arrow) lacks any germ cells as a result of UV 
irradiation.  ￿  45. (b). Middle midgut of adult male no. 2 (from Table III). A cluster of approximately 20 
cells is integrated into the midgut near a characteristic enlargement (arrow).  x  30. 
number  of new features  of the  distinctive  organ- 
elles of the germ plasm, the polar granules.  In the 
hybrid  pole  cells,  a  complex  interrelationship  of 
species  characteristics  was  found.  A  number  of 
these deserve special consideration. Normally, the 
substructure  of  polar  granules  in  D.  immigrans 
becomes transformed from the interwoven fibrous 
mat to a regular array of rods at the same time that 
the  granules  are  aggregating  into  a  single  large 
granule per cell. In the  hybrid cells containing D, 
immigrans  polar  granules  and  a D.  melanogaster 
nucleus,  the  granules  in  nine  out  of  the  10  em- 
bryos  analyzed  aggregate  into a  number  of polar 
granules per cell, and these granules initially retain 
their  fibrous  substructure.  Only  during  gastrula- 
tion does the granule acquire the rod-substructure 
characteristic  of D.  immigrans,  and  at  that  time 
there  is  no evidence of further  fusion.  Thus,  the 
connection between aggregation and the transfor- 
mation  to  rods,  which  occurs  in  the  normal  pole 
cell, is disrupted. The simplest explanation for this 
unusual  interaction  may  be  found  in  the  differ- 
ences in developmental time between D. melano- 
gaster and  D.  immigrans.  If the  structural  transi- 
tion  of  the  D.  immigrans  polar  granule  occurs 
according  to  an  autonomous  timing  within  the 
granule itself, then this transition in the hybrid cell 
would  occur  during  gastrulation  because  of  the 
more rapid development of D. melanogaster rela- 
tive to that  of D,  immigrans.  This explanation  is 
supported  by observations of Schwalm (28),  who 
has  described  similar  structural  changes  in  the 
polar granules  of Coelopa frigida  at  gastrulation, 
and  he  has  found  that  these  changes  occur  in 
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would  have  occurred  after  fertilization.  On  the 
other  hand,  the  reaggregation  of  polar  granules 
appears  to  depend  upon  the  age of the  host  em- 
bryo; that is, the pattern of reaggregation is estab- 
lished  during  pregastrula  stages.  In  one  excep- 
tional embryo, the reaggregation pattern  was that 
of D.  immigrans. A  possible explanation  for this 
may lie in  the potential  variation  in age  of hosts 
and  donors  for  transplantation.  Since  these  em- 
bryos may vary by  -10  min, it is possible that D. 
immigrans polar plasm  was taken from a  slightly 
older  embryo  than  usual  and  transplanted  to  a 
host  that  was  younger  than  usual.  The  result 
would  be  that  the  transition  to  the  rod-substruc- 
ture  would occur at  the  time of reaggregation  of 
polar  granules  during  blastoderm  formation.  If 
this  explanation  is  correct,  it  suggests  that  the 
reaggregation of D. immigrans polar granules into 
one  large  granule  requires  the  transition  in  sub- 
structure.  This  transition,  in  turn,  requires  a  set 
amount  of time,  possibly for the  molecular rear- 
rangements requisite for this transition. 
The  occurrence  of  mitotic  hybrid  pole  cells  is 
unusual.  In Drosophila,  pole  cells divide  two  to 
three times after their formation, and then there is 
little mitotic activity until the pole cells have been 
included in the embryonic gonad (29). Counce (5) 
has detected some mitosis in pole cells of D. amer- 
icana,  D. repleta,  D. hydei,  and D.  willistoni  em- 
bryos between the blastoderm and gonadal stages, 
However,  during  gastrulation,  pole  cell  mitoses 
are rare  in most species and  possibly nonexistent 
in D. melanogaster.  Nevertheless, in the embryos 
receiving polar plasm  transplants  from D. immi- 
grans,  a  pole cell was found  in division in two of 
the  three  pregastrula  embryos  and  in  two  of the 
seven  postgastrula  embryos  examined.  Thus,  it 
appears  that  the  process  that  restricts  mitosis  in 
pole cells is dependent  upon  the  cytoplasm,  and 
the active components are not as effective in inter- 
specific interactions as in intraspecific ones. Since 
at least some hybrid pole cells are functional, this 
faulty  nucleo-cytoplasmic interaction  may not  in- 
terfere with germ cell formation. 
Finally, the morphology of the pole cell-specific 
nuclear  body  in  the  hybrid  pole  cells resembled 
that  found  in  pole  cells  of  D.  immigrans  even 
though they formed in the D. melanogaster  nuclei 
of the  host  embryo.  If we  assume  that  the  mor- 
phology  of  this  organelle  is  a  property  of  the 
molecules constituting  it,  then  the  evidence  sug- 
gests  that  the  nuclear  body  derives from compo- 
nents  contributed  by the  transplanted  cytoplasm. 
At present,  we do not know which component(s) 
of the polar plasm might migrate into the nucleus. 
It might be  some  unknown  cytoplasmic constitu- 
ent.  Or,  possibly,  a  component  of the  granules, 
which must be lost for reaggregation and reorgani- 
zation to occur, migrates into the nucleus to form 
the nuclear body. Alternatively, if the polar gran- 
ule contains maternal mRNA (21), then it is possi- 
ble that the proteins synthesized from polar granu- 
lar RNA become located in the nucleus. Whatever 
the actual source of the protein components of the 
nuclear  body  is,  the  appearance  of  the  body 
clearly depends upon the polar plasm. Although a 
function for this nuclear body is unknown,  it may 
be related to determination  of these cells as germ 
cells since the nuclear body  is only found  in pole 
cells and is dependent upon the polar plasm for its 
formation. 
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